Abbreviations: HP1α, heterochromatin protein 1α; MRN, mre11-rad50-nbs1 complex; DSB, DNA double-strand break; IR, ionizing radiation; bp, base-pairs; IRIF, ionizing radiation induced foci; NHEJ, non-homologous end-joining; HR, homologous recombination; ChIP, chromatin immunoprecipitation ATM kinase, followed by the phosphorylation of histone H2AX (termed γH2AX) on large chromatin domains which extend for 100's of kilobases on either side of the DSB. 3 The mdc1 scaffold protein is then recruited to γH2AX, 4 providing a docking platform for the recruitment and retention of additional DNA repair proteins, including the MRN complex, the RNF8 ubiquitin ligase and the brca1 and 53BP1 proteins, onto the chromatin at DSBs. [5] [6] [7] 
Damage to cellular DNA can occur through multiple pathways, including exposure to genotoxic agents, the production of endogenous reactive oxygen species or errors which arise during DNA replication. To combat this continuous assault on the genome, mammalian cells have evolved multiple DNA repair pathways. The most challenging lesions to repair are DSBs, which physically cleave the DNA strand. DSBs can occur through exposure to IR, the collapse of replication forks or during the processing of certain types of DNA damage. Over the last 20 years, a clear picture of how the cell detects and repairs DSBs has emerged. 1, 2 The earliest event in the cell's response to DSBs is the rapid recruitment of the DNA double-strand breaks (DSBs) arise through both replication errors and from exogenous events such as exposure to ionizing radiation. DSBs are potentially lethal, and cells have evolved a highly conserved mechanism to detect and repair these lesions. This mechanism involves phosphorylation of histone H2AX (γH2AX) and the loading of DNA repair proteins onto the chromatin adjacent to the DSB. it is now clear that the chromatin architecture in the region surrounding the DSB has a critical impact on the ability of cells to mount an effective DNA damage response. DSBs promote the formation of open, relaxed chromatin domains which are spatially confined to the area surrounding the break. These relaxed chromatin structures are created through the coupled action of the p400 Swi/SNF ATPase and histone acetylation by the Tip60 acetyltransferase. The resulting destabilization of nucleosomes at the DSB by Tip60 and p400 is required for ubiquitination of the chromatin by the rNF8 ubiquitin ligase, and for the subsequent recruitment of the brca1 complex. Chromatin dynamics at DSBs can therefore exert a powerful influence on the process of DSB repair. Further, there is emerging evidence that the different chromatin structures in the cell, such as heterochromatin and euchromatin, utilize distinct remodeling complexes and pathways to facilitate DSB. The processing and repair of DSB is therefore critically influenced by the nuclear architecture in which the lesion arises.
Eventually, this spreading of DNA repair proteins along the chromatin from the DSB leads to the formation of IRIF, which can be visualized by immunofluorescent techniques. DSBs are then repaired by NHEJ, in which broken DNA ends are directly religated, or by HR, using the undamaged sister chromatid (present during S-phase) as a template. A defining characteristic of DSB repair is the dominant role that chromatin structure plays in the detection and repair of these lesions. In this review, we will examine recent work exploring how remodeling of the chromatin structure adjacent to DSBs plays a key role in the repair of DSBs.
Chromatin Structure
The basic packing unit of chromatin is the nucleosome, which contains 146 bp of DNA wrapped in approximately 1.7 turns around the surface of the nucleosome. 8, 9 Each nucleosome is composed of a histone octamer, constructed from a central core containing two H3-H4 dimers which are surrounded by two H2A-H2B dimers. 8 The n-terminal tails of histones extend outwards from the nucleosome particle, and are the sites for regulatory modification by acetylation, methylation and phosphorylation. Nucleosomes form linear 10 nm strings which can be stacked together to form packed 30 nm arrays and other higher order structures. 8, 9 The packaging of chromatin is variable, with euchromatin representing open, gene rich, transcriptionally active regions. Typically, histones within euchromatin are highly acetylated and are methylated on lysines 4 and 36 of histone H3. 10, 11 In contrast, heterochromatin, which constitutes 15-25% of mammalian chromatin, represents condensed regions with low gene density but high levels of repetitive sequences. 12, 13 Histones within heterochromatin have low levels of acetylation but high levels of histone H3 methylated on lysines 9 and 36. 10, [13] [14] [15] Alterations in chromatin structure are carried out by two linked processes-large motor ATPases, which directly alter chromatin ©2 0 1 1 L a n d e s B i o s c i e n c e .
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Phosphorylated kap-1 is located at DSBs, supporting a key role for phosphorylated kap-1 in the repair of DSBs. 25, 27 Kap-1 is a transcriptional repressor which forms complexes with HDACs, histone methyltransferases and HP1, promoting the formation of repressed, heterochromatic domains. 28, 29 Recent studies demonstrated that phosphorylation of kap-1 by ATM is critical for DSB repair within heterochromatin. 27, 30 These workers demonstrated that DSB repair was slower in heterochromatic regions, and that unrepaired DSBs persisted at the heterochromatin boundaries in the absence of either ATM or kap-1 phosphorylation. 27, 30, 31 This implies that phosphorylation of kap-1 relaxes heterochromatin structure and promotes efficient DSB repair. Currently, it is unclear how phosphorylation of kap1 by ATM alters heterochromatin structure, since phospho-kap1 remains associated with the chromatin. 27 One potential mechanism is that phosphorylation of kap-1 alters its interaction with other repressive proteins, such as HDACs and methyltransferases, 28, 29, 32 shifting the balance towards a less repressed chromatin structure. Further, other heterochromatin binding proteins, including HP1 family members, exhibit changes in phosphorylation and chromatin association following DSB production. [33] [34] [35] These results are consistent with the idea that the compacted, repressive structure of heterochromatin requires a unique pathway, involving phosphorylation of kap-1 and changes in HP1 distribution, to alter heterochromatin and promote efficient DSB repair within this compartment. Further work will be required to address how kap-1 phosphorylation alters heterochromatin structure, and to examine if these changes propagate across the entire heterochromatin structure, or are localized to heterochromatic regions adjacent to the initial DSB.
Localized chromatin destabilization at DSBs. In addition to the above described chromatin remodeling events, it is now clear that there is a specific relaxation of the local chromatin structure on chromatin domains which are contiguous with the DSB. As discussed above, the sensitivity of DNA to nuclease digestion is increased after DNA damage, [23] [24] [25] consistent with increased accessibility of the linker DNA between nucleosomes to nucleases. Further work has demonstrated that depletion of linker histones, which promotes decompaction of the chromatin, amplifies DNA damage signaling and increases the ability of cells to repair DSBs. 36 A recent biophysical study, which analyzed the incorporation of GFP labeled histone H2B, demonstrated that chromatin undergoes a localized expansion at DSBs. 37 Further, this chromatin expansion was an active, ATP-dependent process. 37 Together, these results indicate that both chromatin compaction and nucleosome stacking are actively decreased within domains which correspond to the regions containing DSBs.
Studies from the gene transcription and chromatin structure fields have demonstrated that open, actively transcribed, euchromatic domains are associated with high levels of histone acetylation. 8, 12, 38, 39 Lysine acetylation promotes the formation of relaxed chromatin structures by neutralizing the negative charge on lysines, and therefore decreasing both histone-DNA and histonehistone interactions within nucleosomes. 40, 41 This led several groups to examine if increased histone acetylation was associated with altered chromatin compaction at DSBs. Both histones H2A and H4 show increased levels of acetylation following DSB structure, and dynamic regulation of histone post-translational modifications. Motor ATPases are the key functional components of chromatin remodeling complexes. Chromatin remodeling complexes have distinct functional activities, and can: (1) evict nucleosomes from the chromatin, creating free DNA sequences; (2) carry out nucleosome sliding, in which the remodeling ATPase shifts the nucleosome position relative to the DNA, exposing (or burying) a given DNA sequence; or (3) promote histone exchange, in which specific histone variants are exchanged onto the chromatin (reviewed in ref. 16 ). Post-translational modification of histones (e.g., by acetylation, methylation, phosphorylation or ubiquitination) can create binding sites for the recruitment of chromatin modifying proteins and alter the stability of the interaction between DNA and histones. 8, 17 By combining chromatin remodeling with histone modification, cells can regulate the dynamic architecture of the chromatin.
Chromatin Structure and DSB Repair
DSBs are associated with changes in chromatin architecture which operate at several layers of chromatin organization. These include changes occurring directly at the DSB, alterations in nucleosome organization on chromatin domains adjacent to the DSB, as well as structural changes which propagate across the entire genome. Here, we will briefly discuss the major types of changes in chromatin organization, and then review recent work on the alterations in nucleosome organization at DSBs.
Nucleosome eviction from DSBs. A key step in DSB repair is the creation of nucleosome free regions on the DNA at the DSB. These regions were detected using ChIP analysis, and demonstrated a rapid loss of histones from the chromatin within a few 100s of base pairs of the DSB. [18] [19] [20] This creates short stretches of nucleosome free DNA, extending for several nucleosomes lengths on either side of break. Nucleosome eviction is an active process which requires both the MRN complex and the Ino80 chromatin remodelor. [18] [19] [20] The MRN complex contains both nuclease (mre11) and ATPase (rad50) activity, and is rapidly recruited to and binds DNA ends at the DSB. 21 Whether MRN directly evicts nucleosomes from the DSB or recruits a separate remodeling complex to achieve this is not currently known. However, the localized loss of histones adjacent to the DSB is thought to play a critical role in processing the DNA ends for NHEJ, or to create ssDNA intermediates for HR repair of the DSB. 22 The active displacement of intact nucleosomes from the vicinity of the DSB is therefore essential to promote repair.
Global relaxation and heterochromatin structure. Some of the earliest work indicating alterations in chromatin structure after DNA damage stems from the observation that chromatin is hypersensitive to nuclease digestion following exposure to IR, [23] [24] [25] [26] indicating increased accessibility of the nuclease to the linker DNA between nucleosomes. The extent of the increased sensitivity to nuclease digestion indicates that the decrease in nucleosome compaction in response to DSBs affects a significant fraction of the chromatin. Subsequent work demonstrated that the ATMdependent phosphorylation of the kap1 heterochromatin binding protein was required for this global chromatin relaxation. eluted from damaged chromatin by biochemical fractionation with NaCl. This observation is consistent with a decrease in the stability of histone-DNA and histone-histone interactions within nucleosomes following generation of DSBs on the chromatin. The authors refer to this process as a reduce in nucleosome stability. 59 Importantly, Xu et al. demonstrated that the domains of decreased nucleosome stability were preferentially located within the γH2AX domains. This indicates that the observed decrease in nucleosome stability after DNA damage was localized to chromatin domains adjacent to the DSB, rather than being propagated across the entire chromatin. This is consistent with previous work indicating that DSBs can alter the local chromatin structure, 18, 19, 25, 37 in contrast to global changes in chromatin structure controlled by the ATM/phospho-kap1 pathway. 25, 27 Overall, this implies that DNA repair foci (defined as γH2AX domains) correspond to regions in which the stability of nucleosomes, which is controlled by histone-histone interactions within the nucleosome core, are significantly decreased, creating regions of open, relaxed chromatin structures.
Xu et al. 59 also demonstrated that 3 components of the NuA4 complex-the p400 motor ATPase, the Tip60 acetyltransferase and Trrap, a scaffold protein-were required to decrease nucleosome stability at DSBs. Previous work indicated that several subunits of NuA4 were recruited to DSBs and were required for DSB repair. 42, 43, 45, 46 Taken together, this implies that p400 and Tip60 are recruited to DSBs as components of the NuA4 complex, rather than functioning independently. Importantly, histone acetylation in the absence of p400 activity did not lead to nucleosome destabilization, 59 indicating that acetylation on its own is insufficient to alter nucleosome structure at DSBs. This implies that recruiting NuA4 to the DSB brings together the remodeling activity of p400 and the acetyltransferase activity of Tip60, which work together to decrease nucleosome stability at the break site. Additional insight into how NuA4 destabilizes nucleosomes is provided by studies of nucleosome structure. The crystal structure of the nucleosome indicate that the n-terminal of histone H4 interacts with an acidic patch on the H2A/H2B dimer. 65, 66 Further, acetylation of histone H4 on lysine 16 (H4K16Ac) specifically weakens this interaction between H4 and the acidic patch on H2A, 67, 68 and inhibits the packing of nucleosomes into 30 nm fibers. Histone H4 acetylation therefore inhibits histonehistone interactions both within and between adjacent nucleosomes, preventing the formation of stacked 30 nm nucleosomal arrays and favoring the formation of linear, open nucleosome structures. The Tip60 sub-unit of NuA4 may therefore increase histone H4 acetylation, 42, 43, 59, 69 which, in turn, leads to destabilization of histone-histone interactions both within and between adjacent nucleosomes. This favors the unpacking of higher order nucleosome arrays and promotes the formation of localized domains of open, relaxed chromatin at the break site. 59, 67, 68 The role of p400 in this process is less clear. Although the process of nucleosome destabilization required the ATPase activity of the p400 motor protein, 59 how p400 alters chromatin structure at DSBs is currently unclear. p400 has histone exchange activity, and can exchange H2A for the histone variant H2A.Z in gene promoters, 46 ,55,57 but p400 does not appear to have either generation, [42] [43] [44] [45] [46] [47] and the acetylation of histone H4 is specifically increased on chromatin domains extending for several kilobases on either side of the DSB. 42, 43 Tip60, which acetylates histones H2A, 42 and H4, 44 has been identified as the acetyltransferase involved in DNA-damage induced chromatin acetylation. Tip60 is a ubiquitously expressed acetyltransferase which plays at least two distinct roles in the repair of DSBs. First, Tip60 is recruited to DSBs were it directly acetylates and activates the ATM kinase. 35, [48] [49] [50] Second, and most important for the current discussion, Tip60 is required for the acetylation of histones H2A and H4 at DSBs after IR exposure. 42, 43, 46 The recruitment of the Tip60 to DSBs may therefore lead to histone hyperacetylation 42, 45, 46 and the generation the open, relaxed chromatin structures previously reported at DSBs. 25, 26, 37, 51 However, chromatin remodeling frequently combines histone acetylation with the use of large motor ATPases to modify the chromatin architecture. Although several chromatin remodeling complexes have been implicated in DSB repair, the NuA4 complex plays a pivotal role in histone acetylation and DSB repair.
42,43,52-54 Mammalian NuA4 53 contains at least 16 sub-units, of which 3 possess catalytic activity. These include the Tip60 acetyltransferase, the p400 motor ATPase 55 and the Ruvbl1 and Ruvbl2 helicase-like proteins.
45 p400 was originally identified as an E1A binding protein and loss of p400 leads to elevated p21 levels and senescence. 56 p400 is a SWI/ SNF DNA-dependent ATPase 56 which functions to alter DNAhistone interactions and facilitates the insertion of histone variants, including H2A.Z, into gene promoters. 57 Several sub-units of NuA4 are recruited to DSBs, including Tip60, 35 Trrap, 42, 43, 58 p400, 59 and ruvbl1 and ruvbl2. 45 Inactivation of either Tip60 or Trrap, a scaffold protein which mediates NuA4 formation, leads to loss of histone acetylation after DNA damage and failure to load either 53BP1 or brca1 onto the chromatin. 42 Further, p400 and Tip60 function in a common pathway to regulate apoptotic responses to DNA damage, 60 implying that the p400 SWI/SNF ATPase and the Tip60 acetyltransferase function together to regulate chromatin structure during DSB repair. These results have led to the proposal that hyperacetylation of histones by the NuA4-Tip60 complex at DSBs reduces both the stability of the histone-DNA interaction within nucleosomes as well as facilitating the unpacking of higher order nucleosome arrays. 42, 46, 61, 62 Several key questions remain to be addressed concerning this hypothesis. These include demonstrating that acetylation alters chromatin structure at the DSB, determining the role of NuA4 in this process and, most importantly, determining how changes in nucleosome structure at DSBs impact DSB repair. A key barrier has been the lack of available methodology to monitor nucleosome stability in vivo at mammalian DSBs. Recent work has directly addressed this issue by developing a new approach to monitor changes in chromatin structure at DSBs. 59 This is based on the observation that histone-DNA interactions are extremely stable, such that histones are only extracted from chromatin by NaCl concentrations in excess of 1.5 M. 63, 64 However, if DSBs create domains in which the stability of the histone-DNA interaction is reduced, these regions should exhibit increased sensitivity to NaCl fractionation. Using a biochemical approach, Xu et al. 59 have now demonstrated that histones can be preferentially
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proteins which are also ubiquitinated by RNF8 and RNF168. How the decrease in nucleosome stability facilitates chromatin by ubiquitination by RNF8 is unclear. One potential mechanism is that chromatin relaxation alters the nucleosome structure to expose previously buried histone domains which can then be ubiquitinated by RNF8. This process could be facilitated by the prior acetylation of the histones by Tip60. 79 Further, the altered nucleosome structure may promote the recruitment of new proteins to the chromatin which are then ubiquitinated by RNF8. Continued study of the molecular mechanisms involved will provide new insight into the mechanism.
The concept that nucleosome destabilization is required to promote chromatin ubiquitination also has implications for other chromatin modifications which occur at DSBs. For example, although RNF8 is required to recruit 53BP1 to the chromatin, 7,70,71 53BP1 does not contain a ubiquitin interacting motif. However, 53BP1 does contain a tudor domain, which can bind to H4K20me2. 80, 81 The destabilization of nucleosome structure by p400 and RNF8 may expose buried H4K20me2 sites for 53BP1 to associate with. 82 However, the restricted distribution of H4K20me2 within mammalian cells 10, 14 implies that H2K20me2 would only be present at a small fraction of DSBs. An alternative mechanism is that chromatin ubiquitination by RNF8 is required for histone H4K20 methylation (and possibly other histone modifications) at DSBs. This could occur through the ubiquitin-dependent recruitment of methyltransferases to DSBs or through promotion of H4K20 methylation in response to histone ubiquitination. Additional chromatin modifications, including the sumoylation of histones by PIAS1 and PIAS4, also promote ubiquitination by RNF8, 83, 84 and may be required for recruitment of brca1 to DSBs. The p400-mediated decrease in nucleosome stability may therefore function to decrease histonehistone interactions both within and between nucleosomes, leading to open, flexible nucleosome structures. This destabilization of nucleosomes then facilitates the ubiquitination, sumoylation and methylation of histones along the chromatin and promotes the recruitment of brca1 and 53BP1 to the DSB. In addition, p400 mediated changes in nucleosome structure may also recruit (or evict) proteins from the chromatin, including novel proteins which are targets for either ubiquitination or sumoylation. Figure 1 outlines a potential model for how the NuA4 complex regulates nucleosome stability. Previous work has indicated that inactivation of the unique components of NuA4 complex does not affect the early events in DSB repair, such as activation of ATM, binding of the MRN complex to the break, phosphorylation of H2AX and the recruitment of mdc1 or RNF8 to the chromatin. 42, 48, 59 The early events in DNA damage signaling, including loading of mdc1 and RNF8 onto the chromatin, are independent of NuA4-mediated changes in nucleosome stability. Subsequent to these early events, p400, Trrap and Tip60 are recruited to the DSB, most likely as sub-units of the NuA4 complex, through direct interaction with mdc1. 59 MRN 6,85 and the RNF8 ubiquitin ligase 7, [70] [71] [72] [73] associate with mdc1 by binding to specific phosphorylation sites on mdc1; however, it is currently unclear if NuA4 requires phosphorylation for recruitment, or which sub-unit of NuA4 binds to mdc1. Understanding the nucleosome sliding activity or the ability to evict nucleosomes from the chromatin. The exact changes in chromatin structure promoted by p400 will need to be clarified to fully understand p400's role in this process. In conclusion, the recruitment of NuA4 to DSBs promotes H4 acetylation, which, in combination with the ATPase activity of p400, decreases histone-histone interactions both within and between nucleosomes, switching the chromatin into a more open, relaxed structure. This leads to the generation of open, relaxed chromatin domains which extend for tens of kilobases on either side of the DSB.
Nucleosome Destabilization Promotes Chromatin Ubiquitination
Although previous studies have described changes in chromatin structure in response to DNA damage, [23] [24] [25] 36, 37 it was not clear how these processes impacted DSB repair. Previous work had shown that Trrap, a component of NuA4, was required to recruit brca1 to DSBs, 42 implying that chromatin remodeling at DSBs was important for loading repair proteins onto the chromatin. However, the mechanism by which this occurred remained unclear. Xu et al. have now demonstrated that nucleosome destabilization by NuA4 is required for chromatin ubiquitination and loading of the brca1 and 53BP1 proteins onto the chromatin. 59 The RNF8 ubiquitin ligase is recruited to DSBs through a direct interaction with the mdc1 scaffold protein, 7, 70, 71 where it ubiquitinates H2A and H2AX, as well as other, unknown chromatin targets. Subsequently, the RNF168 ubiquitin ligase binds to these ubiquitinated sites, promoting polyubiquitination of the chromatin. 72, 73 These ubiquitin polymers then provide a binding site for the ubiquitin interacting motif of RAP80, facilitating the recruitment of the RAP80/abraxas/brca1 complex to DSBs. [74] [75] [76] Xu et al. 59 have analyzed the impact of nucleosome destabilization on chromatin ubiquitination by the RNF8 ubiquitin ligase. In a novel approach, they used a designer Zinc Finger Nuclease (ZFN) to create a single DSB on chromosome 19. ZFNs are custom engineered nucleases in which the catalytic domain of the Fok1 endonuclease is linked to an engineered zinc finger protein, creating a sequence-specific nuclease which is targeted to a unique sequence within the genome. 77 ZFNs were developed for both targeted gene insertion and for correction of inherited mutations through homology directed repair with donor DNA. 77, 78 By combining ZFNs with Chromatin Immunoprecipitation (ChIP) techniques, it is possible to monitor changes in histone modifications at the break site. 59 Using this approach, it was shown that DSBs create domains of ubiquitinated chromatin which extend for at least 10 kb on either side of the DSB. 59 Importantly, in the absence of p400-dependent nucleosome destabilization, RNF8 was still recruited to the DSB, but failed to ubiquitinate the chromatin. Consequently, brca1 did not accumulate at the DSB and the cells exhibited increased radiosensitivity and increased numbers of chromosomes aberrations. 59 This demonstrates that decreased nucleosome stability mediated by the NuA4 complex is required for RNF8 to ubiquitinate target proteins on the chromatin. 42, 59 Although RNF8 ubiquitinates histone H2A, 7, 70, 71 it is likely that there are other, unidentified chromatin associated and Trrap sub-units of NuA4 are required for DSB repair defines these proteins as DNA damage response proteins which function to regulate genomic stability. In fact, several sub-units of NuA4 have been implicated in human cancer. For example, loss of p400 is associated with p21-dependent senescence, 56 increased sensitivity to ionizing radiation and increased genomic instability. 59 The E1A protein of adenovirus targets p400, and this interaction is essential for the tumor promoting function of adenovirus. 85 Further, haploinsufficiency for Tip60 is associated with breast 86 and colon cancer 87 and disruption of the p400-Tip60 ratio in colorectal cancer cells contributes to loss of the oncogene-induced DNA damage response. 59 Mutations or inactivation of NuA4 sub-units may therefore contribute to the etiology and progression of cancer by impacting both chromatin structure and DSB repair at sites of DNA damage.
Cells contain many types of chromatin structure, from compacted heterochromatin to open euchromatin domains. An important issue is whether NuA4 is required to alter nucleosome stability at all chromatin locations, or is restricted to particular types of chromatin structures. NuA4 recruitment to the chromatin requires the prior binding of mdc1 to γH2AX (Fig. 1:  reviewed in ref. 58) . However, γH2AX does not spread uniformly along the chromosome, suggesting regions of low/absent mechanism by which NuA4 is recruited to DSBs is therefore a key area for future research. Once the NuA4 complex is positioned at the DSB, the Tip60 sub-unit acetylates adjacent histones, while the p400's ATPase activity remodels both the local histone-DNA interactions as well as histone-histone interactions between adjacent nucleosomes. This promotes unpacking of stacked nucleosome arrays and shifts the local chromatin structure into a relaxed, open conformation. Creation of these relaxed, open chromatin structures then exposes RNF8 ubiquitination substrates on nucleosomes, 7, 70, 71 as well as either exposing potential H4K20me2 sites, or promoting methylation of H4K20. 80 Together, these chromatin modifications promote the recruitment of the brca1 and 53BP1 proteins to the DSB. The overall outcome is to facilitate DNA repair by increasing the mobility of the nucleosomes adjacent to the DSBs, promoting the posttranslational modification of histones, and directing the recruitment and retention of protein factors such as 53BP1 and brca1 at DSBs.
Conclusions and Implications
Alterations in chromatin structure are emerging as key control points during DSB. The demonstration that the Tip60, p400 In conclusion, NuA4-mediated decreases in nucleosome stability at DSBs play a crucial role in regulating the post-translational modification of the chromatin, the formation of DNA repair foci and in the mechanism of DSB repair. Understanding the link between chromatin structure and DSB repair, and identifying the unique chromatin remodeling events associated with DSB repair in different chromatin domains, will be an important area for future research.
H2AX. 89, 90 Similarly, γH2AX foci are preferentially formed in euchromatin 27, 30, 91, 92 and γH2AX does not spread through heterochromatin. 91 Heterochromatin domains which lack H2AX would not, therefore, recruit either mdc1 or the NuA4 complex, implying that these regions do not require NuA4-mediated decreases in nucleosome stability. However, DSB repair within heterochromatin does require phosphorylation of the kap-1 heterochromatin binding protein, 27, 30, 31 and altered binding of additional heterochromatin proteins (including HP1 family; reviewed in ref. [33] [34] [35] at DSBs. This raises the possibility that there are distinct chromatin remodeling mechanisms for DSB repair within heterochromatin (involving kap-1 phosphorylation) and euchromatin (involving NuA4 mediated nucleosome destabilization).
